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We examine the spectroscopic red shifts that occur when benzene is dissolligdidt) benzene,

in cyclohexane, in carbon tetrachloride, and in water. For this we develop a mixed classical/quantum
model in which uncorrelated structures are obtained from Monte Carlo simulation, and these
structures are then used for quantum chemical calculations including the chromophore and all
solvent molecules within the first radial distribution maxima. We discuss the effects of different
sampling techniques and the inclusion of more, or less, solvent molecules in the quantum chemical
supermolecule calculation. We obtain shifts ef306cm't, —268cm!, —456cm !, and
—122cm'!, in excellent agreement with the experimentally observed shifts-882cm !,
—308cmt, —458cm !, and—143cm !, respectively. We note that the larger shift observed in
carbon tetrachloride that is not expected on the basis of larger dielectric constant results from small
contributions of the charge transfer type from solvent to solute.26®0 American Institute of
Physics[S0021-960800)51716-4

I. INTRODUCTION In this paper we address to the solvatochromic shifts of
benzene in different solvents. As benzene is neutral and has
Solvent effects have been the subject of considerabléo permanent dipole moment both in the ground and in the
interest' > In particular, the study of solvent effects in mo- 7—x* excited states the dipolar self-consistent reaction field
lecular absorption spectroscopy in the visible-UV region hasgs essentially zero and no spectral shift of these bands can be
its own motivation and complexitiéisz Bayliss has earlier expected using this model. Of course, higher moments can
used classical analysis to relate spectral shifts to the index @fe used but these give smaller contributions. However, the
refraction under the assumption that the solvent influencesxperimental results for the first absorption band of benzene
the shift by a dielectric constafitMore recently, the idea of in water, cyclohexane, and carbon tetrachloride, for instance,
a solute enclosed by a cavity and interacting with the solvenghow clear red shifts as compared to the gas phase results. As
as a polarizable dielectric continuum has been extended iwe shall see excellent results will be presented in this paper
many ways.'® As this reaction field is a response of the using a combination of Monte Carl®IC) and quantum me-
medium to a permanent dipole moment of the solute it is nothanical calculations. We essentially use a sequential Monte
expected to work properly for the cases of a nonpolar solut€arlo simulation-quantum mechanical apprdddo obtain
such as benzene. Another approach that is gaining wide agolute—solvent interactions and solvatochromic shifts. First
ceptance is the use of a combined molecular mechanicghe Monte Carlo simulation is performed in the solute—
quantum mechanicéMM/QM) approach*~**in which the  solvent liquid. During the simulation molecular structures
most important part of the problem is treated by quantumare obtained and separated. These structures are used in a
mechanics and the rest by classical force fields. More resubsequent quantum mechanical calculation. As a MC simu-
cently computer simulation methods are becoming a generation involves several thousands of steps for averaging of
tool for treating liquid systems. Thus the idea of generatinghe thermodynamic properties, and now also of the transition
liquid structures of one solute surrounded by solvent molenergies, a specific procedure for reducing the total number
ecules is a natural one. However for these large, real supesf structures needed for the quantum calculation is of great
molecular systems, consisting of hundreds of molecules, BEnportance. We shall show that this is, indeed, possible us-
complete quantum mechanical calculation is largely impracing the concept of time correlation or statistical efficiency.
tical. This is complicated even further because a liquid hagherefore, instead of performing a quantum mechanical cal-
many structuresigeometrical arrangements of atoms andculation on every structure generated by the Monte Carlo
moleculeg equally possible and some sort of ensemble avsimulation these calculations are performed only on some
erage has to be performed thus implying a very large numbefew uncorrelated structures without compromising the final
of quantum mechanical calculations. average result’ Also, as each structure obtained by the
simulation contains hundreds of solvent molecules, a quan-
dpermanent address: Universidade de Mogi das Cruzes, CP 411, 08701-9%M mechanical treatment of the solvent requires a judicious
Mogi das Cruzes, SP, Brazil. reduction of the total number of solvent molecules included.
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TABLE . Information on the simulated systems of this study: the numbercarbon tetrachlorid@ and for water® In all simulated Sys-

of moleculesN, the densityp in glen?, the cutoff radiusre in A and the  tamg, the molecules have rigid geometries. Distortions of the

average number of molecules inside the cutoff ratiyp. benzene structure would lead to considerably enhanced in-
System N p re N tensity of the forbiddertB,, transition®* However, prelimi-

nary investigation indicates that the position of the band

Liquid CgH 1+124 0.8990 13.11 65 : .

ch in ?; |6_| 14124 0.7785 1410 65 maximum will not be much effected. The benzene molecules
6' 16 6! 112 . . . .

CeHe in CCl, 14343 15867 19.04 175  are in theDygy, structure withr .c=1.400A, ro,=1.088 A

CgHg in H,0 1+343 0.9966 10.92 180 and all angle® =120 °C. The cyclohexane molecules are in

the C,, chair structure withroc=1.53A, r,=1.088A,
®(CCO=112° and®(HCH)=110.29° (as is well known

. 0 o
We therefore analyze the results for the radial distributionthe chair structure composes 99% of the liquid pfiasghe

function that defines the solvation shells. All moleculescarb_oz ;%tg;(\:hlorgga gglglclilisogr;:)n t'ﬁg fkt]ructurte W'thl
within a certain shell are explicitly included. Fca= 21 and® )=109.47° and the water mol-

ecules are in theC,, structure withro,=1.000A and
O (HOH)=109.47°.

The initial configuration is generated randomly, consid-

Monte Carlo simulations are carried out for four sys-ering the position and the orientation of each molecule. A
tems: liquid benzene, benzene in cyclohexane, in carbon tefrew configuration, or one MC step is generated by selecting
rachloride and in water. Standard procedures are used for th#l molecules sequentially and trying to translate it in all the
Metropolis sampling in the canonicaN{/T) ensemblé®*®  Cartesian directions and also rotate it around a randomly
All the calculations are performed &t=25 °C. The volume chosen axi$? The maximum allowed displacement of the
of the cubic box is determined by the experimental density ofnolecules is autoadjusted after 50 MC steps to give an ac-
the liquid and the number of molecules used in the simulaceptance rate of new configurations around 50%. The maxi-
tion. As usual, periodic boundary conditions, the imagemum rotation angle is fixed during the simulation &0
method and a cutoff radius are used. For all molecules in=+15°, Here one MC step is generated atifrmolecules
cluded in the simulation, each one interacts effectively withsequentially attempt to move. This MC step corresponds in
N molecules. In Table |, the number of the moleculds  the more usual definitidd to N MC steps, whereN is the
the densityp, the cutoff radius ., and theN; are shown for  total number of molecules in the simulation. The full simu-
all simulated systems. All the simulations are performed ustation involves a thermalization stage 6f5000 MC steps
ing the pICE program?° followed by an averaging stage ef50 000 MC steps(For

The intermolecular interactions are described by theexample, in the cyclohexane and carbon tetrachloride simu-
Lennard-Jones plus Coulomb potential. The interaction entations these 50000 steps translates into 343 molecules
ergy between moleculea and b, U, is the sum of the x50000=1.7x10" individual moves, adopted in such a
individual interactions between all pairs of sites on the twofashion that about 50% are accepjéthe averaging step has
molecules, also been checked to insure that the average shifts we calcu-

ona onb 12 6 late and report do not drift as a function of sampling time.
O'ij O'ij
a3 3 aa (72 (7]
! J 1] 1]

}, (1)  The structures that we generate from this procedure and
wherer;; is the distance between sitéon moleculea) and ~ Some detail in the case of liquid benzene against the ob-

Il. MONTE CARLO SIMULATION

qiqjez
(4meg)r

these force fields seem reasonable, and have been checked in
ij

sitej (on moleculeb), &;; and oy; are combinations of the served radial distribqtion functioff. In this refereqce we
Lennard-Jones parameters of sitesidj, g; is the charge of noted that th'e experimental structure of the solid yielded
the sitei ande?/(4meq)=331.9684 A kcal/mol. We use the Calculated shifts of benzene ef260 cmi* compared to the
potential parameters; , ¢;, ando; (shown in Table I) as experimentally observed value ef260 ci 1. This suggests

suggested in the literature for benzene and cycloheXsioe, that the quantum mechanics we are using is sufficient. As-
suming the reported liquid structure yielded shifts between

—60cm ! and —100cm !, small when compared to the
TABLE ||: The potential paramete_(sge Eq(1)] of the qute Carlo simu- experimental value of- 320 ent . The full liquid simula-
lation. g in elementary charge unit; in kcal/mol, ando; in A, tion, as described below and in that reference, leads to a less
Site q & o structured liquid, but still very reasonable agreement with the
observed radial distribution function, and an excellent pre-

C of GgHg® 0.000 0.110 3.750 . ; :

H 0.000 0.000 0.000 dicted spectroscopic shiff. o

C of CgHy 0.000 0.118 3.905 The average value of the energy is given as the average

H 0.000 0.000 0.000 over a chain of sizd of instantaneous values,

C of CCl, 0.000 0.102 4.600

cl 0.000 0.203 3.500 1T

O of HyO° -0.820 0.150 3.175 W==> u. 2

H 0.410 0.000 0.000 (V) T 2.: : @
®Reference 21. - . . .
bReference 22. and the error caused by the finite size of the simulation can
‘Reference 23. be obtained as
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1 18
o((U)=\/3(sU?), 3 (8U%)p=r- 2 (Upp=(U))? (©)
where and the statistical inefficiencyis
1 2
(3U%)=1 3 (U= (U))P=(U?)—(U)? @ s im MY g, (10
I tb_>x <5U2> tb—>30

Errg]rea\éz:?;gﬁ egilZJérglearly, I T approaches infinity the where(U) is the average an@U?) is the variance over the
The numberT of lviC configurations necessary for the chqin of the wh_ole simulation as Sho"g” ir_] E@) and_ ),
ensemble average can be reduced dramatically over the eW—h”e the (U), is the average andoU®), is the variance

tire number of MC steps without modifying the calculated over th.e .blOCkTQ" For Ch‘?"”s of _cqrrelated conflgu.ratllons,
average energy. This is a consequence of the high statistical ) Wil rise with increasingt, until it approaches a limit-
) INg values. The limiting value ofS(t,) signifies that the

correlation between successive MC configurations generateb ock sizet, has become so large that there is no correlation

from simulations of den tem h liquids. Th - .
om simulations of de S€ systems such as fiqu ds rom block to block. However, for finite chainsl & nyt,,),
changes between successive configurations are small an : :
as the block sizey, increases the number of blockg de-

cause high statistical correlation between them. Using statis- : : : .
. ' i . reases and it generates an increased error in the calculation
tically correlated configurations is of course a waste tha . L ;

f S(t,) and consequently an imprecision in the estimate of

does not contribute effectively to the average. An analysis 0 he best value of Therefore, an analysis efwith respect to

the efficiency of the simulation shows how many MC steps, . i :
- . . the size of the chaiff is very important.
are necessary to statistically uncorrelate the configuration. . . . .
For chains of uncorrelated configurations, E8). is re-

This can be done by calculating the tirfog step correlation

function?® placed by
After the simulation, the time correlation functiofi(t), 1
can be calculated according to the following equation: a((U))= /I—<5U2>, (1D
(8U;8U; ) B . N
Ct)y=————, (5)  wherel=T/s. In this way, one can see that for a finite simu-

(8U?) lation the error of a property is the same if one take®
successive configurations or equivalentlis configurations
separated bg MC steps. Thus for a given simulation obtain-
ing ensemble averages oVEfs uncorrelated configurations

iﬁ the same as over the entire number of configurations gen-
erated. For Markovian process=27. These two procedures
will be used independently in a complementary way to ob-

n tain the best statistics for uncorrelated structures of a finite
C(t)=2, ce U, (6)  simulation.

: The quantum chemistry calculations are of the SCF type
followed by configuration interaction over singly excited
configuration state functiongClS). This is the level of

o theory at which the INDO/S Hamiltonian was
™= fo C(t)dt. @) parametrized® The low energy spectrum of benzene is
dominated by excitations from the homo and honio
In general, configurations separatedtby2r have a statisti-  €14(7) molecular orbitals to the lumo and lurtd e, (7*)
cal correlation that is less than 15%. Therefore the number oholecular orbitals, where homo refers to the highest occu-
MC steps necessary to obtain configurations, that are statigied molecular orbital and lumo to the lowest unoccupied
tically “uncorrelated,” is 2r. A concept closely related to molecular orbital. This gives rise to statesBf,,B,,, and
the correlation time is the statistical inefficierié)it is based ~ E;, Symmetry. The lowest lying of these states is of interest
on the mean-square deviations of averages taken over blockere, the'By,,, and this state is remarkably insensitive to the
of a chain of successive configurations. Dividing the chain ofsize of the CIS used. For example, a CIS consisting only of
configuration inn,, blocks witht, successive configurations, the four frontier orbital§2 down, 2 up, X2) yields, for a
whereT=nyt,, then the average taken over thi block is gas phase calculation, 38 580 cinfor this transition, the
) same value obtained for ax42 CIS. The experimental
1 & value is 38390 cm!. The 9x12 CIS is chosen so as not to
<U>bzg i:Eb Ui, (®) break the symmetry of the resulting states. This same insen-
° sitivity is not apparent for the higher lying states. For ex-
wherebs=(b—1)ny+1, be=Dbt, andb can assume values ample, the two different CI's yield for the second state, the
from 1 ton,. The mean-square deviation of averages takerB;,, 49515 cm* and 47 815 cm?, respectively. The ex-
over the blocks is perimental value for this transition is 48 960 ¢h

wheret here means MC step); is the energy of theth
configuration,U; ., is the energy of the configuration gener-
atedt steps later andoU;5U;, ) =(U;U; ) —(U){U;, ).

For Markovian processes the correlation function satisfies a
exponential dec&y?’

where the correlation time is
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2 4 6 3 TABLE Il Structural information obtained from the radial distribution
L5 — : . function. Distances in ANy is the coordination numbesee text and Fig.
_ (@ ®) b-
O
0 1.0t System RDF 1st max. 1st shell Ng
g
% Liquid CgHg Gee 6.0 7.6 13
£ 057 CeHg in CsH1 Gec 6.2 7.9 11
= CeHg in CCl, Gee 5.3 8.2 14
£ CeHg in H,O Geo 4.4 5.3 18
= 1.5
2
g
2 1o
<
g experimental result of Narteil:*! It shows a first maximum
Bos - Gel®) at 6.0 A. The first minimum at 7.6 A defines the limits of the
first solvation shell. Integration of the RDF up to 7.6 A
00 = P s T 5 shows that each benzene has a total of 13 benzene neighbors.

Thus within the limits of the first solvation shell the super-
molecule is composed o0f#113 benzenes. Figurgd) shows
FIG. 1. The calculated radial distribution functioRDF) between benzene the RDF of benzene in water. The first maximum is located
s e S o v o s of vt sy 4.4 & an th first minimum a1 5.3 & Integration of he
atoms of benzendh) oxygen atom of water(c) carbon atoms of cyclohex- first solvation shell shows that the_ (_:entral_ behzene IS sur-
ane; andd) carbon atom of CGL. Relevant numerical information is given ounded by 18 water molecules. Similarly, in Fig¢c)land
in Table II. 1(d), the integration of the first solvation shell, until 7.9 and
8.2 A, respectively, shows that the central benzene is sur-
rounded by 11 cyclohexane and 14 ¢@lolecules. Table 11l
This lack of sensitivity is also apparent in the supermol-symmarizes the information obtained from the RDF shown

ecule calculations described below. Benzene in water wag Fig. 1. We now analyze how the calculated energy shifts
examined using 22, 10x10, 20<20, and 2&28 CIS cal-  of the firstm—=* transition of benzene vary with the num-

culations. There are no differences in the shifts calculateyer of solvent molecules included in the quantum calcula-
within the accuracy of the statistics reported below. A simi-tion, The calculated energy shift stabilizes when the number
lar investigation was made for cyclohexane, and again thergf solvent molecules reaches the first solvation shell, ob-
is no significant sensitivity to the size of the CI. For @ tained here by integration of the first peak of the RDF. We
16x16 Cl is performed to insure that the benzene frontiefjjystrate this analysis in Fig. 2 that shows the calculated
orbitals are included in the Cl, as the molecular orbitals ofanergy shift over just one MC configuration for each system.
the solvent are interspersed with those of benzene. For bef similar behavior is obtained for all MC structures but only
zene in benzene a 2@8 Cl is used to include the;o(7)  one result is shown to avoid excessive congestion in the
and e, (7*) orbitals of all 14 benzenes of the supermol- figure. In the following QM calculations we will use differ-
ecule. ent supermolecular sizes for the different solvents. Each su-
permolecule will be composed of the central benzene solute

r [Angstrom]

IIl. RESULTS AND DISCUSSIONS

A full quantum mechanical calculation of the energy of a
supermolecular system, composed of hundred molecules, R
over thousands of MC steps is, of course, not possible. The A
alternative we suggest is to perform quantum mechanical -100 f©
calculations after the simulation but using only a few se-
lected number of solvent molecules and a selected number of
MC structures. The number of solvent molecules included in
the calculation is obtained from the analysis of the radial
distribution function, using all molecules surrounding the
solute up to a certain solvation shell. The value of the energy
is thus performed by ensemble average over the statistically
uncorrelatedstructures generated in the simulations. This
procedure reduces dramatically the number of configurations
used in the quantum mechanical calculations, when com- -500
pared with the entire number of MC steps, without modify-
ing the calculated average ener§y’

In F|g 1 we show the pairwise radial distribution func- FIG. 2 The calculated enerdyed shift of theBIZU(W—ﬂT*.) transition as a
tion (RDF) of benzene in the four solvents considered herefunct}on of the number of solvent molecule§ included in the quantum cal-

. culation. The symbols for the solvents are: square for water, triangle for
Figure 1a) shows the carbon—carbon RDF of homogeneougyciohexane, circle for benzene, and diamond for CQNote saturation
liquid benzene. This RDF is in good agreement with theafter the filled symbols that correspond to the first solvation shell.

0o

-200 F---

=300 F----emimaaaian C @O T2 1

—400 |

Shift of the B, Transition [cm ]
o

Number of Solvent Molecules
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TABLE \2 Calculated solvatochromic shift of the
lAlg—lBZL,(qr—w*)transition of benzene in different solvenk$(one solute

+ Ng solven} is the number of molecules used in the QM calculatidris,
the number of selected configurations to perform QM calculatisiis the
number of MC steps between the selected configurations{ AR, is the

calculated average solvatochromic sffift cm™1). Uncertainty in{AE), is
obtained from Eq(11). Experimental results are from Ref. 35.

System N | s (AE), AEey

Liquid CgHg 1+13 60 800 —306+15 —332+30

Oi% &0 CeHe in CgHy,  1+11 100 500 —268+20 —308+20

CgHs in CCly 1+14 50 500 —456+38 —458+20

O:go )Q GQ CsHe in H,0 1+18 100 800 —122+7  —143+20

FIG. 3. Typical supermolecule used in the QM calculations. This illustrationwill give statistically new information. Hence, in the QM
shows_ the benze‘ne surrou_nded by 18 first-neighbor water molecules correg|culation of the supermolecular structures we will not use
sponding to the first solvation shell. all T structures generated but orlly=T/s structures sepa-
rated bys MC steps. It is our experientéthat the results do
surrounded by 18 molecules in the water solvent, 11 molot depend on the particular set of MC structures used as
ecules in cyclohexane solvent, 13 molecules in the liquido"d as they are separated bysteps in a relatively long
benzene, and 14 molecules in G@blvent. Figure 3 shows simulation. For the other systems, using the same analysis
one picture of the supermolecule used in the QM calculatiofV€ Selected 60 structures of liquid benzene separated by 800
of benzene in water. MC steps, 100 structures of benzene in water separated by
Figure 4 shows the calculated results for the time corre800 MC steps and 100 structures of benzene in cyclohexane
lation function and the statistical inefficiency for the case ofSeparated by 500 MC steps. These were enough to give
benzene in CGl In the left side, we systematically use Eq. stable value for the average shift of the transition energy

(10) to calculate thes(ty,) for chains with different sizes. We (AE). ) ] o

obtain the statistical inefficiencys=470=70 MC steps. In Al QM calculations are made at the semiempirical level
the right side, we use Eq5) to calculateC(t), that was USing theziNDo program:” The energy shiflE is obtained
fitted by two exponential functions as in Ref. @e in Fig. or all supermolecules using singly excited CI with szgggtro-
4). The integration of exponential functions gives the corre-SCOPIC parametrization as described abdiDO/S).™
lation time r=230 MC steps. Now, based on calculated The ground state wave function is obtained from a self-

=230 ands=470. we select from the 25 000 saved Conﬁgu_consistent field SCH calculation taking into account anti-
rations of benzene in CEJ a set of 50 configurations sepa- SYmmetry over the entire solute—solvent system. Each super-
rated by 500 MC steps, e.g., a set of 50 uncorrelated corolécule is composed of the solute benzene andNbe
figurations. Therefore, among those MC structures obtaineféarest neighbors obtained after integration of the first peak

from the simulation only those separated-b$00 MC steps  ©f the RDF. The total number of supermolecules used for
averaging the solvatochromic shift for each solvent is ob-

tained by dividing the total number of MC steps used in the
600 — | e 1.0 simulation by the statistical inefficiency~2r. This infor-
// mation is collected in Table IV that also reports our final
o . — C)=0.66""" +034¢™ results for the solvent shifts of the first absorption band of
; o o | benzene. As can be seen, the final calculated solvatochromic
’ o \ 108 shifts (AE), are in excellent agreement with the experimen-
tal results in all cases considered. For the case of benzene in
CCl,, for instance, 50 QM calculations were performed in
® 0t supermolecules separated by 500 MC steps, each one com-
r§ —- Sy =t, 106 posed of one benzene surrounded by 14,G@blecules. The
© 22000 final average result for the solvatochromic shift is
420000 _1 . .
0 18000 —456.¢cm -, in excellent agreement with the experimental
result of —458 cn .%® It should be noted that some super-
1000 2000 0 20 40 60 30 10004 mol_ecules giveAE values that deviates greatly from the ex-
1, [MC steps] £ [MC steps] perlmental resu_lt and that Would_legd to spectral line broad-
ening, but the final average\E), is in excellent agreement
FIG. 4. Statistical inefficiencyleft) and time correlation functiotright) with experiment. The numbers in Table IV give a clear indi-
calculated for the case of benzene in £ADn the left side, the behavior of ~ cation that single cluster model cannot represent the true
S(tp) vst, for chains with different sizes. The boldface lines represent thesituation of a disordered quuid. Also, the size of the super-

asymptotic behavior of correlated blockdashed and uncorrelated blocks .
(solid). On the right-hand side, the calculated correlation functitsts are ~ Molecular system seems to include both the short and the

fitted to the exponential form shown.is obtained using Eq7) (see text long range solute—solvent interaction, although this is un-

400 t

w

!
!

dpg S
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S(t,)

!
f
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likely to be true for charged or highly polar systems. For therequires triply excited configurations, a select group of those
case of benzene in water, for instance, all water moleculethat are doubly excited relative to the singles that dominate
within the range of 6.0 A from the solute are explicitly in- the description of this state. This select group includes
cluded. It is expected that the relevant induction-polarizatiorsingles localized on the chromophore relative to the domi-
effects are included. In the specific case of the O note  nant singles describing the stdia this case double excita-
small contributions of the charge-transfer type from £l tions on the benzene in which one excitation involves the
benzene. At the orbital level the charge transfer in CCI promotione;y(7) to e,,(7*)] and singles on the solvent.
originates with molecular orbitals of the solvent interspersedrhe observation that a CIS model is successful has led us to
with those of benzene, thus appearing aisep™ contribu-  prove a rather remarkable theorem that this should be ex-
tions. Thee,4(7) ande,,(7*) molecular orbitals that give pected: dispersion is included in the eneutfferencescal-

rise to the'B,, state, delocalize little over the solvent. For culated in a CIS model, even though it is not included in the
water they are 90% localized in the benzene whereas fagnergies of the individual staté%.

cyclohexane and C¢lit is around 80% in the benzene with This study was initiated to examine dispersion effects on

20% of delocalization over the solvent. spectroscopy, and led us to studying benzene in various sol-
vents where there is ample experimental information with

IV. SUMMARY AND CONCLUSION which to compare, and in which the leading causes of the

A sequential procedure using Monte Carlo simulationsShifts are dispersion. Self-consistent reaction field ap-
and quantum mechanics is used to calculate solvatochrom@foaches are simpler, and seem to predict spectroscopic
shifts of benzene in different solvents, a case in which disShifts for polar molecules quite accurately, especially when
persion contributions should dominate and lead to red shift<cOmparing shifts in various different solvents, where the dis-
Quantum-mechanical supermolecular calculations are peRersive shifts are roughly the same regardless of the nature of
formed on structures generated by the simulation. The totghe solvent:***“°Even in this study, the dispersion shifts
shift is obtained as an average over many uncorrelated strubetween two very different solvents, water and £0ds no
tures. The size of the supermolecule upon which the quar@reater than 300 cit, while shifts due to the changes in
tum chemistry is performed is obtained after analysis of the?€manent moments between the ground and excited states
radial distribution function. The number of structures used to®f polar molecules can be an order of magnitude larger.
calculate the average energy is obtained after consideratiopifts caused by changes in permanent moments upon exci-
of the time correlation function and the statistical ineffi- tation are, in general, easy to understand in the sense that
ciency. Only structures that are statistically uncorrelated arétabilization is proportional to the moment squared, as de-
used. The calculated values for the solvatochromism of berscribed in detail, for example, in Ref. 10. If the dipole mo-
zene in benzene, water, cyclohexane, and carbon tetrachlgent is the leading term, as it generally is for a dipolar
ride are found to be in excellent agreement with the experimolecule, then stabilization is proportional to the dipole
mental result. squared. If the dipole moment of the ground state is greater

The solvatochromic shifts of benzene, a nonpolar solutethan that of the excited state under consideration there will
in nonpolar solvents is believed to be mostly dispersive ifPe a blue shift—a shift to greater transition energy—as the
nature. Indeed, we estimate that the quadrupolar contributiogiround state is more stabilized than is the excited state. The
to the shift of benzene in cyclohexane using self-consister@pposite is true if the excited state dipole is greater than that
reaction field theoryto be 12cm? to the blue. Using the of the ground state. The larger the change in dipole moment,
model for dispersion described in Ref. 36 we can estimatéhe larger the shift. If the dipole moment is zero, then the
the shift due to dispersion of benzene in cyclohexane to béading term would be the quadrupole squared, and a much
540 cn't, a net red shift of 530 cm', nearly 200 cn*  smaller shift is expected.
larger than that calculated here, and that observed. This Dispersion shifts are more subtle, and are due to the
model uses second order perturbation theory from separateduced-dipole induced-dipole interactions of the chro-
calculations on the solute and on the solvent, and requires tieophore with the solvent. Liptay has shown these are red
assumption of a cavity size. Although the shift is calculatedshifts, as the excited state is always more “dispersed” than
too large, the ground state stabilizati@136 cni ) and the is the ground stat® One might expect that the higher the
excited state stabilizatio2678 cm'!) due to dispersion is transition energy of the state, the greater the dispersion in-
smaller than that advocated in most other mod€IZ Al- teraction and the greater the red shift. In general this is
though the present calculations are considerably more contrue® and might be related to the greater polarizability of
plex than are those using perturbation theory, the preserthe higher excited states, as they generally have looser held
calculations make no assumption about cavity size or shapelectrons as seen from the perturbation theory expressions
and are clearly quantitatively accurate, and hopefully can béor the dispersion energy:** Other things that lead to
used to examine in more detail more qualitative models. greater dispersion are lower lying excited states in the sol-

It should be noted that it is quite remarkable that thevent that can lead to a more polarizable solvent, and a
present supermolecule calculations reproduce the spectremaller molecule, which allows for a closer contact between
scopic shifts of nonpolar benzene in nonpolar solvents usinthe solute and solvent molecule. These contacts enter into the
a singles only Cl method. The dispersion of the ground staté/r® dependence in the perturbation theory interaction for
requires double excitations, and dispersion of excited statdaduced-dipole induced-dipole interactions. The playoff of
dominated by single excitations, as in th&,, of benzene, these two effects, low lying available states, with benzene as
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